Bactericidal/permeability-increasing protein fold-containing family member A1 (BPIFA1), formerly known as SPLUNC1, is one of the most abundant proteins in respiratory secretions and has been identified with increasing frequency in studies of pulmonary disease.
The airway mucosa constantly adapts to our changing environment and provides a first line of defense against pathogens and irritants in contact with the respiratory tract. Airway epithelial cells form a structural first line of host protection, and secretions of epithelial cells serve to protect against pathogens, coordinate immune responses, and limit lung injury (1, 2) . Respiratory secretions contain numerous proteins known for their role in mucociliary clearance, antimicrobial defense, and immune modulation, including collectins, defensins, cathelicidins, and bactericidal/ permeability-increasing protein (BPI). Many of these are produced by the epithelium and have multifaceted functions, with overlapping roles in host protection (1, 3) . This review focuses on BPI fold-containing family member A1 (BPIFA1), formerly known as SPLUNC1, one of the most highly expressed proteins in respiratory secretions and an increasingly identified molecule in pulmonary diseases with host-protective and immunomodulatory functions.
The BPIF and PLUNC Protein Families
The BPIF superfamily comprises a heterogeneous group of proteins that share the three-dimensional structure of the antimicrobial and immunomodulatory protein BPI (4) (5) (6) . The structural arrangement of BPI includes two large, barrel-shaped domains connected by a central b-sheet. Molecules containing this arrangement are known as BPI fold-containing (BPIF) proteins (5, 7, 8) . Using simple phylogenetic analysis, the members of the BPIF superfamily can be separated into two clusters: one including the lipid-transfer proteins BPI, lipopolysaccharide-binding protein (LBP), cholesterylester transfer protein, and phospholipid-transfer protein and another branch containing the Palate Lung and Nasal epithelium Clone (PLUNC) proteins, expressed almost exclusively in the respiratory tract of air-breathing vertebrates (7) .
The PLUNC genes are located in chromosome 20 in humans and chromosome 2 in mice and appear to be rapidly evolving host-protective genes (7) (8) (9) . The BPIF locus includes 12 genes in humans and 14 in mice, and within the human locus there are eight PLUNC genes with at least three pseudogenes (10) . There is low sequence identity between members of the PLUNC and BPI families, a feature that suggests PLUNCs have host-protective properties (8) .
PLUNCs are expressed largely in the respiratory tract of air-breathing vertebrates. The original nomenclature distinguishing PLUNC proteins was based on their length, and hence they were called short (S) PLUNCs (z250 amino acids in length) or long (L) PLUNCs (z450 amino acids). An updated nomenclature reflects the inclusion of the BPI fold in their predicted structures, with SPLUNCs being denominated with the prefix BPIFA, where "A" represents proteins containing one BPI domain, and LPLUNCs being denominated BPIFB, where "B" represents proteins containing two BPI domains. The numbering of short and long PLUNC previously assigned to these proteins was retained whenever possible (7) (8) (9) . BPIFA1, or SPLUNC1 (previously known as PLUNC, LUNX, SPURT, and YY1), is one of the most widely studied PLUNC proteins. BPIFA1 was originally identified in mice in a study seeking genetic contributions to palatal malformations, and it is frequently identified in genomic and proteomic studies of healthy and diseased lung tissue and respiratory secretions (11) (12) (13) (14) (15) (16) .
The BPIFA1 Gene and Protein

Expression and Distribution
The BPIFA1 gene has a length of 1.2 kb in mice and 7.3 kb in humans, and it is expressed in discrete regions within the respiratory epithelium and submucosal glands of the palate, nose, trachea, and bronchi; hence, it was formerly referred to as PLUNC. The human BPIFA1 gene has over 72% sequence identity with its mouse homolog, and it contains a similar nineexon structure in both species (17) . There are multiple human BPIFA1 splice variants, but their functional significance is unknown (18, 19) .
Human BPIFA1 is a 256-amino acid protein with globular shape and slightly hydrophobic properties containing a 19-amino acid secretory signal at the Nterminal domain. BPIFA1 has a calculated mass of 26.6 kD in humans and 28.6 kD in mice (11, 18, 20, 21) . The crystal structure of human BPIFA1 was solved by Garland and colleagues in 2013, revealing a monomer that contains a central b-sheet flanked by six a-helices, with structural similarity to the N-terminal half of BPI (22) . Bioinformatics analysis of the BPIFA1 sequence suggested N-glycosylation motifs and a series of charged amino acid residues that form an "electrostatic patch," a region essential to the role of BPIFA1 in ion transport and airway surface liquid (ASL) regulation (11, 22) .
Multiple isoforms of human BPIFA1 have been detected in respiratory secretions, likely generated through translational modifications such as glycosylation, phosphorylation, deamidation, or truncation of the larger protein (23, 24) . These isoforms can be heavily glycosylated, and some researchers have proposed that changes in the concentration of glycosylated BPIFA1 isoforms may affect inflammatory responses and host defense (25) . Similar to other members of the BPIF superfamily that modulate immune responses through binding to LPS, several studies have showed that BPIFA1 and its isoforms bind to LPS (24, (26) (27) (28) (29) . However, these findings have not been universally confirmed because BPIFA1 failed to compete with LBP for LPS binding in another study (23) . Zhou and colleagues demonstrated that deletion of the BPI domain disrupted the colocalization of BPIFA1 with nanobacteria in airway epithelial cell cultures, suggesting that BPIFA1 binds to LPS through its BPI domain (30) .
BPIFA1 gene expression is high in the proximal trachea, gradually decreases in the distal airways at the level of the bifurcation of the mainstem bronchi, and becomes undetectable in the peripheral lungs of mice and humans ( Figure 1) (18, 31) . BPIFA1 mRNA expression is absent in peripheral lung tissue from healthy human or mouse lungs (9, 11, 32) . BPIFA1 is not expressed outside of the rodent respiratory tract, with the exception of limited mRNA expression in rat heart, mouse thymus, and olfactory mucosa (15, (33) (34) (35) (36) . In humans, limited BPIFA1 expression outside of the respiratory tract has been reported in the kidney and colon (37) . BPIFA1 mRNA has not been detected in the human heart, liver, brain, stomach, small intestine, placenta, skeletal muscle, pancreas, spleen, normal lymph nodes, peripheral lymphocytes, prostate, testis, or ovary (17, 18, 31) . The expression of BPIFA1 mRNA follows a similar distribution in embryonic and adult tissues (19, 36) .
BPIFA1 protein was detected in mucus cells of submucosal glands and their ducts, in airway luminal secretions, and in nonciliated (secretory) cells of the airway epithelium in the nasopharynx, trachea, and large airways (9, 38, 39) . Whether BPIFA1 can be expressed in other secretory cell types, such as mixed mucus/serous cells, remains to be elucidated (7, 23) . BPIFA1 was also detected in the parotid gland and submucosal glands of nasal polyps, tongue, and sinus tissue but not on their surface epithelium (18, 19, 36, 38) . The anatomical distribution of BPIFA1 protein expression in human fetuses is similar to that observed in adults (40) . In upper respiratory tract secretions, BPIFA1 can be detected in saliva, nasal lavage fluid, and middle ear effusions (9, 14, 24, 32, 34, 40, 44) . In lower respiratory tract secretions, BPIFA1 has been detected in sputum, tracheal secretions, airway lining fluid, and bronchoalveolar lavage fluid (BALF) (9, 18, 23) .
BPIFA1 is one of the major secretory products of tracheobronchial epithelial cells grown at the air-liquid interface (9, 18, 23) . Strong BPIFA1 expression was detected in primary cultured airway and nasal epithelium, the mucoepidermoid carcinoma cell line NCI-H292, the lung adenocarcinoma cell line PC-3, the human adenosquamous carcinoma cell line NCI-H647, and the nasopharyngeal carcinoma cell line HNE1 (17, 19, 31, 45) . BPIFA1 accounted for up to 10% of the total secreted protein from cell culture supernatants, and its concentration greatly increased over time once airway epithelial cells became fully differentiated (23) . In addition, BPIFA1 expression is induced by all-trans retinoic acid in a dose-dependent manner, and this induction becomes readily detectable after 7 days of treatment (18, 31, 46) . When cultures are allowed to dedifferentiate by removal of growth factors, the expression of BPIFA1 is lost (47) . These optimal culture conditions likely stimulate epithelial differentiation toward a polarized airway cell phenotype, suggesting that BPIFA1 serves as a marker of a type of differentiated airway epithelial cell.
Outside of the respiratory tract, BPIFA1 protein was detected in neutrophil lysates from healthy volunteers, where it localized to the specific granules of neutrophils (48) . In contrast, two other studies showed no BPIFA1 protein expression in circulating neutrophils, neutrophils within cystic fibrosis (CF) airway mucus plugs, or other hematopoietic cells, such as peripheral blood mononuclear cells, B cells, T cells, monocytes, and monocyte-derived macrophages (47) . These discrepancies may be due to activation of BPIFA1 expression triggered by the migration of circulating cells into pulmonary tissues or antibody crossreactivity with other members of the BPIF family, such as BPI, known to be produced by neutrophils (6, 32, 49, 50) .
Biological Properties of BPIFA1 Antimicrobial
Due to its structural similarities to LPSbinding proteins BPI and LBP and its presence at critical sites of pathogen exposure, BPIFA1 was predicted to have critical host-protective functions. The majority of the studies of BPIFA1 have focused on its antimicrobial properties and identified it as a multifaceted antimicrobial protein with direct effects on bacterial growth, biofilm formation, expression of other antibacterial proteins, and mucociliary clearance (21, 51, 52) .
In pulmonary infection models with Mycoplasma pneumoniae (Mp), Pseudomonas aeruginosa (Pa), Klebsiella pneumoniae (Kp), and nontypeable Haemophilus influenzae while blocking BPIFA1, using BPIFA1-deficient mice, BPIFA1 silencing, or blocking antibodies, led to increased infection, suggesting that inhibiting BPIFA1 reduces resistance to bacterial pathogens (27, 51, (53) (54) (55) (56) (57) (58) . Deficiency or blockade of BPIFA1 was also associated with increased inflammatory cell infiltration and cytokine concentrations when compared with control animals with normal levels of BPIFA1, suggesting that ongoing infection or BPIFA1 deficiency was responsible for excessive inflammation in these models. Increasing BPIFA1 in the airway using transgenic mice that overexpressed human BPIFA1 improved bacterial clearance, decreased lung inflammation, and improved survival in Pa infection (56) .
The mechanisms by which BPIFA1 inhibits microbial growth were demonstrated in in vitro studies showing direct bacteriostatic effects of recombinant BPIFA1 on Pa and Mp as well as inhibitory effects on the replication of Epstein-Barr virus (EBV) (27, 53) . BPIFA1 inhibited motility and increased cell wall permeability through the formation of small-sized pores in cell walls of Pa, reducing bacterial growth (51) . These effects were reversible after removal of BPIFA1 in the cultures. BPIFA1 reduced biofilm formation of Kp and Pa, and this effect is likely mediated by its surfactant properties (51, 58, 59) . In a chinchilla model of nontypeable H. influenzae otitis media, BPIFA1 silencing impaired mucus transport and ciliary clearance through the eustachian tube. This likely reflects increased surface tension and decreased ASL water content caused by loss of surfactant and ion transport properties in BPIFA1-deficient animals (51, 57). Gross and colleagues suggested that the induction of BPIFA1 expression in airway epithelial cells by b 2 -agonist treatment should improve Mp clearance through the mechanisms described above (60) . BPIFA1 may also modulate the secretion of other antimicrobial proteins in the airway because naive BPIFA1-deficient mice exhibited decreased expression of antimicrobial peptides LL37, lactoferrin, and lyzozyme. Other genes that contribute to bacterial clearance, including MUC5AC, MUC5B, and CCSP, were reduced in BPIFA1-deficient mice (52) .
BPIFA1 has effects on local immunity that may affect microbial growth and invasion. One potential mechanism is the ability of BPIFA1 to enhance bacterial uptake and destruction by phagocytic cells. Alveolar macrophages from transgenic BPIFA1 mice that overexpressed BPIFA1 exhibited increased opsonization and phagocytosis of carbon nanotubes in a sterile model of airway inflammation (61) . In addition, commensal gram-negative nanobacteria present in human saliva colocalized with BPIFA1 within epithelial Figure 1 . Bactericidal/permeability-increasing protein fold-containing family member A1 (BPIFA1) distribution in the respiratory tract. BPIFA1 protein expression was detected by immunofluorescence on lung sections from naive C57BL /6 mice using anti-mouse BPIFA1 IgG (red). Antipancytokeratin IgG was used to identify epithelial cells (green). 49,6-Diamidino-2-phenylindole (blue) was used to identify cell nuclei. The trachea (A) and mainstem bronchi (B) show abundant BPIFA1 expression. BPIFA1 expression decreases distally to mainstem bronchi (arrowhead) and becomes undetectable in the peripheral lung tissue (C).
cells from nasopharyngeal carcinoma specimens, and the authors suggested that BPIFA1 binding to nanobacterial LPS could limit its proinflammatory effects (30) .
Given the range of its antimicrobial functions and its retained structure in airbreathing vertebrates, BPIFA1 appears to have evolved to provide essential hostprotective functions (62) . There is significant redundancy in antimicrobial effectors in animals; yet, BPIFA1 may be essential based on its location in the proximal airways and its high level under basal conditions. Thus, it appears to serve its most potent effects to impede and clear infection before pathogen invasion. After invasion, as described below, BPIFA1 levels may drop significantly, and this fluctuation may signal to activate immunity and modulate other airway functions that are more effective at eliminating bacterial infection in the respiratory tract.
Ion Transport and ASL Regulation BPIFA1 regulates epithelial sodium transport and thus influences the height of ASL by acting as an autocrine negative regulator of the epithelial sodium channel (ENaC) (37, 63) . Adequate ENaC function is essential for the maintenance of ASL height, a prerequisite for adequate mucociliary clearance. Garcia-Caballero and colleagues showed that BPIFA1 potently decreased ENaC currents in BPIFA1-transfected Xenopus laevis oocytes. When this mechanism of sodium transport regulation was tested in airway epithelial cells, it resulted in increased ASL height, improving mucociliary clearance (37) . Initial studies suggested that BPIFA1 regulated ENaC through inhibition of its cleavage by serine proteases present in the ASL. However, subsequent studies showed that BPIFA1 did not directly inhibit extracellular proteases but rather controlled ENaC function through multiple other mechanisms, including binding to ENaC and preventing its cleavage, reducing the amount of ENaC on the epithelial cell surface, and possibly by maintaining ENaC in a low-opening probability state (64, 65) . BPIFA1 modulates sodium transport through ENaC in a pH-dependent manner. A more acidic environment impaired the ability of BPIFA1 to inhibit ENaC function, resulting in increased sodium transport and more water reabsorption from the airway, and this effect was reversed by raising the pH (22) . S18, a peptide derived from the experimental cleavage of BPIFA1, was shown to bind to ENaC and to block its function in a pH-independent manner. The addition of the BPIFA1 S18 peptide to human CF airway epithelial cells in culture increased ASL height and prevented ASL hyperabsorption. It is possible that BPIFA1 regulates ENaC function through an interaction of the S18 sequence with this channel. The effect of BPIFA1 on ion transport regulation has been of particular interest in CF, where the inability of the CF airway epithelium to autoregulate ASL volume may contribute to the development of airway disease. The S18 regulation of ENaC was present even at high concentrations of neutrophil elastase, common in CF airways, identifying S18 as an attractive therapeutic molecule to maintain ASL height and improve airway clearance in CF (20, 22) .
Immunomodulatory
BPIFA1 has pro-and anti-inflammatory effects in different mouse models of acute airway inflammation. In models of allergic airway inflammation, Nogo A/B-deficient mice, which are BPIFA1 deficient, showed increased airway inflammation with eosinophilia, mucus production, and airway hyperreactivity and higher levels of the T H 2 cytokines IL-4, IL-5, and IL-13 when compared with identically treated wild-type mice. When Nogo A/B-deficient mice were cross-bred with mice that overexpressed BPIFA1 in the airway, thus complementing the deficiency in BPIFA1, the exaggerated T H 2-induced inflammation was no longer present. These studies showed that BPIFA1 plays an antiinflammatory role in allergic airway inflammation (66) . These results were confirmed in the lungs of BPIFA1-deficient mice, where the eosinophil chemokine CCL24 (Eotaxin-2) was increased (67) . BPIFA1 down-regulated CCL24 expression in macrophages, and this may be a mechanism by which BPIFA1 controls eosinophilia in allergic diseases (51, 67) .
The proinflammatory and antifibrotic effects of BPIFA1 were recently studied in a model of acute pulmonary inflammation triggered by inhaled single-walled carbon nanotubes (SWCNTs), which increased airway leukocyte recruitment and enhanced phagocytic activity in the absence of infection, thus permitting the study of the non-infection-related, immunomodulatory properties of BPIFA1. In transgenic mice that constitutively overexpressed BPIFA1 in the airways, inhaled SWCNTs caused increased neutrophilic pulmonary inflammation and elevations in the proneutrophil cytokines TNF-a and IL-6. Thus, in contrast to studies of allergic, eosinophilic inflammation, BPIFA1 promoted neutrophilic inflammation in this model. Although more inflamed, the lungs of these mice showed significantly less fibrosis after inflammation, suggesting that BPIFA1 was protective against fibrosis (61). These results contrast with studies in idiopathic pulmonary fibrosis (IPF), in which higher levels of BPIFA1 were associated with worse disease outcomes (16) .
BPIFA1 may also control airway inflammation by increasing epithelial cell apoptosis. Chen and colleagues showed that overexpression of BPIFA1 in a nasopharyngeal carcinoma cell line decreased expression of the antiapoptotic protein Bcl-2 and increased expression of proapoptotic proteins BAX, BAD, and caspases 3 and 8. Furthermore, BPIFA1 overexpression in nasopharyngeal carcinoma cells led to markedly increased apoptosis through activation of the MAPK pathway (68) .
Although few studies have examined the impact of BPIFA1 in inflammation in the absence of infection, it appears that BPIFA1 has variable effects in acute inflammation and may influence different cell types. In addition to its effects on chemokine expression, one study showed that BPIFA1 had a modest chemotactic effect on macrophages and neutrophils (51) . BPIFA1 limits eosinophilia in models of allergic airway inflammation, possibly through effects on an eosinophil chemokine, and may promote lung neutrophilia in an inhaled SWCNT model. BPIFA1 is concentrated in airways, and because airway macrophages and epithelial cells are major producers of chemokines, these cells may be important targets of BPIFA1.
BPIFA1 Regulation Regulation by Respiratory Pathogens
In addition to its antimicrobial properties, BPIFA1 is tightly regulated by exposure to pathogens. BPIFA1 is present at high concentrations in airway secretions under basal conditions, and these high levels provide protection during daily, ubiquitous exposure to environmental pathogens. Pathogen exposures appear to regulate the amount of BPIFA1 in the airways because mice lacking pathogen recognition receptor toll-like receptor (TLR) 4 had 2-fold higher BPIFA1 under basal, naive conditions (31) . Tonic inhibitory signals from environmental pathogen-associated molecular patterns (PAMPs) likely suppress BPIFA1 to its steady-state level. BPIFA1 is also rapidly modulated during infection. Our own studies showed that BPIFA1 protein and mRNA were significantly decreased in mouse models of acute pulmonary infection with gram-negative (Pa), gram-positive (Streptococcus pneumoniae), and viral (Influenza A virus) respiratory pathogens, whereas others showed that Mp and Kp infection led to an increase in BPIFA1 expression (31, 54, 58) . To model the effect of gram-negative infection, we intranasally administered Pa-derived LPS, a TLR4 ligand, and showed that BPIFA1 increased within 3 hours of exposure, indicating release of stored protein. This was followed by a rapid 70% reduction in the airway protein by 24 hours. The decline in BPIFA1 protein in the airway was concurrent with a drop in mRNA expression. LPS-treated epithelial cells in culture also had reduced BPIFA1 protein and mRNA with a nadir observed at 48 hours (31). Mp infection was modeled with the TLR2 agonist Pam3CSK4, which increased BPIFA1 protein and mRNA expression in cultured epithelial cells, and this effect was abrogated in cultured murine TLR2-deficient epithelial cells and in normal human bronchial epithelial cells treated with TLR2-targeting short hairpin RNA (53) . The TLR2-mediated induction of BPIFA1 occurred through activation of NF-kB (54, 69, 70) .
Infection also leads to regulation of BPIFA1 through degradation by proteases. In vitro, neutrophil elastase applied to cultured normal human tracheobronchial epithelial cells degraded BPIFA1 in a dosedependent fashion. In vivo, treatment with an aerosolized a-1 proteinase inhibitor increased BPIFA1 in BALF from Pa-infected mice, suggesting that increased proteinase activity during infection contributed to decreased BPIFA1 (71, 72) . Collectively, these findings suggest that the regulation of BPIFA1 during infection may occur through protease activity, gene expression regulation, and specific responses to PAMPs. The limited data available to date suggest that BPIFA1 can be rapidly regulated in different directions, and this effect is dependent on the specific stimulus.
Regulation by Inflammatory Cytokines and Airway Inflammation
Inflammation, independent of infection, also regulates BPIFA1. BPIFA1 was inhibited in acute airway inflammation caused by adoptive transfer of T H 1 and T H 2 cells, followed by inhaled antigen (31). When we dissected the effects of individual cytokines, IFN-g rapidly and potently inhibited BPIFA1 expression in epithelial cells, and this effect was faster and more potent than that of LPS. This raised the possibility that the rapid inhibition of BPIFA1 by LPS in vivo might be due to cytokines in addition to the effects of TLRs. In vivo, we showed that tonic inhibitory signals from IFN-g also suppressed BPIFA1 to its baseline levels because naive IFN-g receptor 1-deficient mice had significantly higher baseline levels of BPIFA1 compared with wild-type control mice. Other researchers have shown that cytokines induced downstream of TLR4, such as TNF-a and IL-1b, do not inhibit BPIFA1 expression in cultured human tracheal epithelial cells (17, 46, 47) . However, our recent studies show that TNF-a and IL-1b inhibit BPIFA1 expression in mouse tracheal epithelial cells (unpublished observation).
BPIFA1 down-regulation is not a universal response to inflammatory cytokines. Our studies showed that IL-13-treated mouse and human tracheal epithelial cells increased BPIFA1 protein and mRNA expression, whereas others showed that IL-13 decreased BPIFA1. In contrast to the in vitro effects of a single T H 2 cytokine (i.e., IL-13), T H 2 inflammation in mice reduced BPIFA1, and this effect is likely due to activation of inflammatory cascades with many cytokines that dominate over the effects of IL-13 (31) .
BPIFA1 was also induced by cell injury, as observed in nasal epithelial cells after olfactory bulbectomy, and in whole lung microarrays after exposure to the cytotoxic substance 1-nitronaphtalene (13, 34) . Although the mechanisms of BPIFA1 induction were not investigated here, it is possible that these effects were cytokine driven or may represent other pathways by which BPIFA1 is regulated.
BPIFA1 likely serves essential functions in the respiratory tract under steady-state conditions through its antimicrobial effects and maintaining the height of ASL. In acute inflammation and acute infection, PAMPs and inflammatory signals cause fluctuations of BPIFA1. Fluctuations in BPIFA1 may regulate innate immunity through effects on granulocytes and chemokines and may alter mucociliary clearance by affecting the rheology of airway secretions through the regulation of ENaC function.
BPIFA1 in Human Disease
BPIFA1 expression profiles have been studied in multiple lung diseases. In healthy humans, BPIFA1 is predominantly produced by epithelial cells of the upper and proximal lower respiratory tract. Measurements of BPIFA1 in human disease have included detection of protein by Western blot, immunohistochemistry, and ELISA. BPIFA1 gene expression patterns have been studied in lung biopsies, primary human airway epithelial cells, and human airway epithelial cell lines. There has been a high degree of variability in the choice of location to sample BPIFA1 expression, ranging from nasal lavage or brushings to BALF collection and lung tissue sampling from lung explants. Given its very restricted expression pattern, the biological material used to measure BPIFA1 is an important consideration in assessing these studies. For example, sputum and airway lavage fluid would be the best samples in which to measure BPIFA1 in the lower respiratory tract in most diseases. RNA from lung biopsies that contain samples of tracheal epithelial cells will have a dramatically increased BPIFA1 compared with biopsies of peripheral lung tissue in most diseases. We report here compilations of data published to date that begin to characterize BPIFA1 in disease and further our understanding of its functions, modulation, and contribution to pathology. Some of these studies are limited in subject number and serve only to pique our interest in additional investigations.
Allergy and Airway Irritants
BPIFA1 was decreased in nasal lavage fluid after acute and chronic exposures to allergens and irritants, including cigarette smoke (23, 25, 73) . Subjects with allergic rhinitis who were tested during highpollen season had reduced BPIFA1 when compared with samples from the same subjects out of season and from healthy control subjects (25) . BPIFA1 was also reduced in nasal lavage fluid in subjects with perennial allergic rhinitis compared with those of patients with intermittent allergic rhinitis out of allergy season or with those of healthy control subjects. The lower level of BPIFA1 in the perennial allergy group suggests that active airway inflammation reduces nasal BPIFA1 (74). Tsou and colleagues showed reduced BPIFA1 mRNA and protein in surgical biopsies from subjects with chronic rhinosinusitis colonized with Pa compared with noncolonized subjects, indicating that pathogens further inhibit BPIFA1 in the setting of chronic inflammation (75) .
Multiple studies showed that cigarette smoking decreased BPIFA1 in respiratory secretions (24, 72, 74, 76) . Chronic exposure to airway irritants in the workplace, including exposure to metalworking fluid and epoxy, were associated with reduced BPIFA1 in the respiratory tract (24, 43, 73) . Ghafouri and colleagues also showed changes in the proportions of different BPIFA1 isoforms in nasal lavage fluid in smokers compared with nonsmokers, suggesting that irritants and/or inflammation can modify BPIFA1 structure; however, the function of these isoforms remains unknown (14, 24) . These data suggest that acute and chronic irritant-induced airway inflammation is associated with reduced BPIFA1 in the respiratory tract, paralleling observations of acute exposures in mice and in vitro studies of epithelial cells.
COPD
BPIFA1 expression was variable in subjects with COPD. In one study, lung biopsies from four subjects with uncharacterized COPD showed higher BPIFA1 mRNA expression in the airway epithelium by in situ hybridization, and Western blots showed increased BPIFA1 staining compared with healthy control subjects (18) . Subsequent studies failed to show differences in the distribution of BPIFA1 protein in tissue sections from 10 patients with emphysema undergoing surgery for lung cancer. However, these studies did not quantify BPIFA1 protein (47) . In smokers with and without COPD, BPIFA1 protein in sputum was comparably reduced (72) . The differences in BPIFA1 expression in these studies may be explained by small sample size, inconsistent sampling locations, varying degrees of COPD severity, smoking status, and/or inflammation. Additional studies that better characterize these factors are necessary to assess BPIFA1 and its role in COPD.
CF BPIFA1 mRNA and protein expression were increased in the respiratory tract of patients with CF, and BPIFA1 was more frequently detected in microarrays of human airway epithelium from patients with CF than from non-CF patients (12, 77) . BPIFA1 protein staining was increased in the small airways of lung explants from patients with endstage CF undergoing lung transplantation, and this pattern of expression was different from that of normal lungs, where BPIFA1 is not detectable distal to the mainstem bronchi. BPIFA1 was also detected in mucus plugs obtained from those subjects. The staining did not colocalize with inflammatory cells within the plugs, supporting other investigators' reports that BPIFA1 is not readily detectable in neutrophils (32, 47) . Expression of BPIFA1 in the distal, small airways in CF has only been investigated in highly diseased lungs; thus, it is unclear if this is a generalized finding in CF or if it is an adaptation to chronic airway inflammation and/or infection.
Elevation of BPIFA1 may be of great importance in CF because BPIFA1 increases ASL height, rehydrating mucus secretions and improving clearance of bacteria. In addition to its direct antibacterial effects, the surfactant properties of BIFA1 may improve the rheology of mucus and limit bacterial biofilm formation by mechanisms described above. However, the beneficial effects of BPIFA1 may be hampered by decreased pH and increased neutrophil elastase in the CF airways, which could disrupt its ion transport/ASL regulation properties (52, (57) (58) (59) 63) . Several questions remain about the dysregulation of BPIFA1 in CF, including whether BPIFA1 is a marker of advanced disease or of a dysfunctional epithelium and whether elevation of BPIFA1 itself contributes to the development of CF lung disease.
Malignancies
A number of studies have investigated expression of BPIFA1 in respiratory tract malignancies. In lung cancers, only largecell carcinomas and adenocarcinomas expressed BPIFA1, whereas squamous cell, small cell carcinoma, and mesothelioma samples did not (38, 45) . It is conceivable that malignancy-associated changes in expression of BPIFA1 reflect the state of differentiation or the malignant cell type. Although BPIFA1 is normally undetectable outside of the respiratory tract, it was detected in lymph nodes, circulating metastatic cells, and pleural effusions of patients with advanced respiratory malignancies, including some non-small cell carcinomas and nasopharyngeal carcinoma (38, 45, (78) (79) (80) (81) (82) . In this context, BPIFA1 detection likely represents respiratory epithelial-derived metastatic cells. In non-small cell carcinoma, BPIFA1-positive lymph nodes were associated with decreased survival, highlighting a potential role for BPIFA1 as a clinical biomarker that affects tumor staging and survival (83, 84) . It is unclear if expression of BPIFA1 in some epithelial-derived malignancies drives metastases or leads to more aggressive/resistant disease.
In upper respiratory tract malignancies, BPIFA1 down-regulation may play a role in the development of nasopharyngeal carcinoma, which has been linked strongly to EBV infection. In one in vitro study, the addition of recombinant BPIFA1 resulted in increased cell death of EBVinfected lymphocytes, limiting infection. In the same study, BPIFA1-treated lymphocytes had decreased expression of the viral oncogene LMP1; thus, the authors concluded that BPIFA1 could protect against EBV-induced nasopharyngeal carcinoma through negative regulation of LMP1 (27) . Some researchers have proposed that BPIFA1 may down-regulate the expression of mir-141, an oncogene linked to nasopharyngeal carcinoma, and through mir-141 would protect against tumorigenesis (85) . Additional support for the idea that BPIFA1 may affect nasopharyngeal carcinoma pathogenesis comes from studies showing downregulation of BPIFA1 expression in nasopharyngeal carcinoma and small-nucleotide polymorphisms in the BPIFA1 gene associated with increased susceptibility to nasopharyngeal carcinoma (19, 32, 86) . In addition to this malignancy, BPIFA1 was decreased in rare squamous cell hypopharyngeal tumor tissues (87) .
In contrast with nasopharyngeal carcinoma, rare tumors (e.g., mucoepidermoid carcinomas and papillary cystadenocarcinomas of the salivary glands) exhibited increased BPIFA1 expression (39, 88) . In one study, BPIFA1 expression decreased with higher-grade tumors, again suggesting that BPIFA1 may be a useful marker of tumor stage or grade of differentiation (88) . These differences in BPIFA1 expression patterns in different malignancies suggest that respiratory malignancies can transform airway epithelial cell populations, in some cases increasing and in others decreasing the expression of BPIFA1.
IPF
One study to date has investigated BPIFA1 in IPF. BPIFA1 mRNA expression was upregulated 9-fold in subjects with rapidly progressive IPF compared with subjects with stable disease. Immunoreactive BPIFA1 was localized to columnar airway epithelial cells not only in the proximal airways in but also in the distal, peripheral airways, where BPIFA1 is not normally expressed (16) . As noted in CF, this indicates a change in the expression pattern of airway epithelial cells with up-regulation of BPIFA1 expression in a chronic disease state. The triggering events that cause this to occur are unknown but may include infections and a response to injury. Although there are no data to support a mechanism linking BPIFA1 to IPF pathogenesis, the up-regulation of BPIFA1 and its distal expression may not only indicate that it is a marker of active disease but suggest a potential role for BPIFA1 in the development of IPF.
Conclusions
BPIFA1 is a multifunctional protein secreted by epithelial cells in the upper and proximal lower respiratory tract. Its localization at sites of pathogen entry and its conservation in air-breathing vertebrates suggest it serves crucial host-protective functions. BPIFA1 has antimicrobial effects against bacteria and viruses, and, similar to other antimicrobial proteins produced in the respiratory tract, it has multiple capabilities. BPIFA1 regulates immunity through effects on granulocytes and macrophages, partly through cytokines, and modulates the height of the ASL by inhibiting the function of the major sodium channel in the airway epithelium, affecting mucociliary clearance (Figure 2 ). Numerous elegant studies have contributed to our understanding of the diverse functions of BPIFA1.
Most interesting to our laboratory has been the high level of BPIFA1 present in the airways under basal conditions and its rapid fluctuation in response to environmental exposures and airway inflammation. BPIFA1 levels in an individual rise and fall, and this may help to adjust the local milieu to optimize protective functions in the airways. The antimicrobial functions of BPIFA1 may be most critical for pathogen removal and limitation of pathogen expansion under basal conditions. The dramatic drop in BPIFA1 upon infection with respiratory pathogens instructs us that BPIFA1 is not necessary as an antimicrobial agent once a host becomes infected and high levels of PAMPs make contact with airway epithelial cells. However, this response is pathogen and receptor specific: TLR4 activation decreases BPIFA1 and TLR2 activation increases its expression. The fluctuation of BPIFA1 in response to environmental stimuli may work as a signal that helps coordinate an appropriate airway inflammatory response. Thus, BPIFA1 is regulated to optimally perform its many functions at environmental-mucosal interfaces in the respiratory tract.
BPIFA1 appears to be modulated in acute and chronic pulmonary diseases. Studies to date do not provide a clear understanding of its role in disease pathogenesis, but they do suggest an emerging role as a marker of pulmonary disease. It is too early to know how alterations of BPIFA1 reflect disease activity and if changes in BPIFA1 contribute to or protect from disease. The high levels and easy access to respiratory tract samples make standardization and routine measurement of BPIFA1 possible and will be important in future clinical applications. Our evolving understanding of BPIFA1 may position this abundant, versatile airway protein as a biomarker and potential drug target in pulmonary disease. n Figure 2 . Pulmonary diseases associated with biological properties of BPIFA1. The antimicrobial and surfactant properties of BPIFA1 limit bacterial growth, impair bacterial biofilm formation, and may increase bacterial opsonization for phagocytosis. BPIFA1 negatively regulates epithelial sodium channel (ENaC) function, affecting the height of the airway surface liquid, which is essential for adequate mucociliary clearance. To modulate immunity, BPIFA1 serves as a neutrophil chemoattractant, regulates expression of chemokines, and modulates immune cell function. These effects appear to be different in eosinophilic and neutrophilic models of acute airway inflammation. AE, airway epithelium; AL, airway lumen; ASL, airway surface liquid; COPD, chronic obstructive pulmonary disease; IPF, idiopathic pulmonary fibrosis.
